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A B S T R A C T
The process by which prostate cancer cells non-randomly disseminate to the bone to form lethal me-
tastases remains unknown. Metastasis is the ultimate consequence of the long-range dispersal of a cancer
cell from the primary tumor to a distant secondary site. In order to metastasize, the actively emigrating
cell must move. Movement ecology describes an individual’s migration between habitats without the re-
quirement of conscious decision-making. Speciﬁcally, this paradigm describes four interacting components
that inﬂuence the dynamic process of metastasis: (1) the microenvironmental pressures exerted on the
cancer cell, (2) how the individual cell reacts to these external pressures, (3) the phenotypic switch of a
cell to gain the physical traits required for movement, and (4) the ability of the cancer cell to navigate
to a speciﬁc site. A deeper understanding of each of these components will lead to the development of
novel therapeutics targeted to interrupt previously unidentiﬁed steps of metastasis.
© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
The necessary characteristics of lethal cancer cells and the dis-
crete steps required for metastasis have been well described [1–4],
but it remains fundamentally unclear how and why prostate cancer
cells metastasize to the skeleton with near 100% eﬃciency. Meta-
static prostate cancer is responsible for approximately 28,000 deaths
annually in the United States. Five-year survival in patients with lo-
calized disease is near 100%, butmetastatic disease remains incurable
[5]. Novel paradigms to better understand the metastatic process
are necessary to instigate the development of new therapeutic strat-
egies to treat metastatic disease.
Ultimately, to metastasize, a cancer cell must move. Metastasis
represents a long-distance migration of a cancer cell from the
primary tumor to a distant secondary site. While cells from the
primary tumor may be passively sloughed into circulation, it is un-
likely that these cancer cells have the necessary machinery to
successfully invade a secondary site as a disseminated tumor cell
and, ultimately, metastasis. It is more likely that cells that move and
actively emigrate from the primary tumor are phenotypically suited
to establish a metastatic colony.
Over the last decade, it has been suggested that cancer can be
best understood by combining the concepts of Darwinian evolu-
tion of malignant cells and the selective pressures of the
microenvironment through the science of ecology [6–11]. This
framework has opened up a new understanding of cancer as an in-
vasive species, establishing itself in a primary organ ecosystem, and
then spreading (metastasizing) to form metacommunities of inter-
connecting ecosystems throughout the patient host [12–16].
Physical movement is critical both to an individual’s survival as
well as the survival of a species as a whole. Movement ecology de-
scribes an individual’s movement encompassing (1) the external
pressures of the habitat on the organism, (2) the necessary biome-
chanical processes of motion, (3) the organism’s intrinsic motivations
tomove or to stay, and (4) the abilities of the individual to sense navi-
gational direction. The dynamic interactions of these four components
result in a deﬁnedmovement path (Fig. 1, Table 1) [17]. Applying this
framework of movement ecology to the actively emigrating meta-
static cancer cell will allow a better understanding of the upstream
pressures and resultant phenotype of the metastatic clone.
Metastasis and the risks associated with dispersal
In ecologic systems, movement from a native ecosystem into an
unknown habitat is a high-risk endeavor. Dispersal, analogous to
metastasis, is a proportionally long-distance movement from the
organism’s natal habitat into a largely unknown environment [18].
This type of long-range movement requires substantial sacriﬁce of
short-term individual ﬁtness, including loss of replicative ability,
alteration of metabolism, and using energy to transmogrify into a
dispersal-morph phenotype. Transit itself increases risk to the in-
dividual due to the disperser’s unfamiliarity with available resources
as well as the hazards of the novel environment. In addition, the
dispersing organism lacks prior knowledge of a suitable secondary
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ecosystem and thus accepts the burden of future risk associated with
the possibility of a hostile environment with low resource levels
or increased predation [19]. Dispersers typically have lower ex-
pected survival and fecundity compared to their counterparts that
remain in the native ecosystem. Given these risks, it is clear why
individuals of a species do not leave their native ecosystem unless
conditions deteriorate to the point where the organism’s survival
is at risk or as a collective bet-hedging strategy.
Metastatic tumor cells experience the same risks as dispersing or-
ganisms when they enter the metastatic cascade. Cells that gain a
metastatic phenotype alter their metabolism, lose proliferative ad-
vantage, and undergo a phenotypic switch from an epithelial cell to
a mesenchymal cell [20,21]. Once the cell initiates invasion and suc-
cessfully intravasates into the vasculature, it also experiences increased
risk of cell death in circulatory transit, including anoikis, damage due
to shear stress, and failure of immune evasion [22]. These high risks
associated with dispersal highlight the necessity of an external cue
to initiate metastasis: the acquisition of migratory or invasive ability
does not imply that the cancer cell will leave the native ecosystem
of the primary tumor. Rather, the early metastatic migrants are most
likely responding to a stimulus to leave the primary site and/or to
migrate to a secondary site. The paradigm of movement ecology
applied to metastasizing prostate cancer cells provides hints regard-
ing these stimuli that alter both the inherent motivation as well as
biomechanical potential of actively migrating cells.
External pressures of the primary tumor microenvironment
inﬂuence all aspects of an individual’s movement
A deﬁning characteristic of amalignant cell is its unregulated rapid
rate of proliferation, resulting in a tumor mass. Secondary to this in-
herent phenotype of cancer, the tumor initiates ecosystem engineering
and alters and ultimately destroys the native microenvironment, re-
sulting in a pro-tumorigenicmicroenvironment [4,12]. The local rapid
cellular proliferation is decoupled from the native homeostatic
angiogenic process, and the tumor quickly overcomes the host vas-
culature [23]. The tumor overwhelms both the incoming and outgoing
vasculature, resulting in local oxygen and nutrient exhaustion as well
an accumulation of cellular andmetabolic waste, resulting in the eco-
logical equivalent of an unproductive toxic swamp [12].
This proliferative cancer-cell mediated process, termed
autoeutrophication, is directly analogous to the ecological phenom-
enon of cultural eutrophication in ponds and stream habitats. The
accelerated eutrophic ecological process is the result of nitrogen and
phosphorus loading of watersheds, typical of untreated sewage and
fertilizer runoff. The rapid increase in the limiting factors of photo-
synthesis leads to accelerated population growth of short-lived
cyanobacteria, dinoﬂagellates, or diatoms resulting characteristic algal
blooms and red tide phenomena [24]. Organic waste from these or-
ganisms accumulates and decomposition levels rise, resulting in high
oxygen consumption. Native species are unable to survive in the
hypoxic environment, and the ecosystem is overtaken by anaerobic
decomposers. If this eutrophication process goes unchecked, the eco-
system becomes increasingly unstable and may undergo ecosystem
collapse or shift permanently to a different, less desirable state [25].
The primary tumor microenvironment experiences a similar
process as the tumor grows beyond the host vasculature. An im-
portant distinction is that the autoeutrophic phenomenon of the
tumor ecosystem is self-initiated and self-maintained. Rapid cancer
cell proliferation leads to exhaustion of the local glucose and oxygen
while simultaneously polluting the habitat with cellular waste,
lowering local pH levels [26–30]. This tumor-initiated and
tumor-maintained process displaces the native homeostatic mi-
croenvironment with a hypoxic, nutrient-poor, and acidic
microenvironment: the “cancer swamp” [12].
The external factors of an individual’s habitat – either in the
setting of ecology or cancer biology – directly inﬂuence all aspects
of an individual’s movement: the individual’s intrinsic motivation
to disperse, the biomechanical requirements of movement, and the
capacity of an individual to spatially direct migration (Fig. 1).
External factors
overcrowding
low resources
Dispersal
Intrinsic reaction
“go vs grow”
Movement ability
EMT
Directional navigation
bone marrow unwitting chaperone
Fig. 1. Movement paradigm for metastatic prostate cancer. A general paradigm to describe the dynamic interactions of four critical factors that contribute to cancer cell
metastasis. In green, the external factors encompass all of the inﬂuences within the ecosystem of the primary microenvironment, including other cells and abiotic factors,
that inﬂuence an individual cell movement. In purple are the interrelated factors of the individual cancer cell. Intrinsic reaction describes the cell’s altered movement goals
based on the pressures of external factors. Movement ability is the biomechanical requirements for locomotion. Directional navigation is the ability of the cell for site-
directed movement. All of these factors interact to inﬂuence Dispersal, in orange, ultimately resulting in metastasis.
Table 1
Paradigm of movement ecology in cancer.
Term Deﬁnition Ecological example Cancer biology example
External factors The other organisms and factors in the
ecosystem
Resource exhaustion Hypoxia, acidity, and nutrient poverty of the
“cancer swamp”
Intrinsic motivation The inherent movement goals of the
individual
The plague locust disperses in response to high
population density
The cancer cell disperses in response to the
overcrowding of the “cancer swamp”
Movement ability The biomechanical requirements to move Transmogriﬁcation from stationary
grasshopper to dispersing locust
Epithelial-to-mesenchymal transition
Directional navigation The ability to orient dispersal to a speciﬁc
location
Insects unwittingly carry mites over large
distances to other ﬂowering plants
Bone marrow cells unwittingly chaperone
tumor cells to the bone microenvironment
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The dispersing cancer cell reacts to the pressures of the
external environment
In movement ecology, an individual’s intrinsic motivation de-
scribes its movement goals that are directly inﬂuenced by the factors
within its ecosystem (Fig. 1, Table 1). In a resource-rich environ-
ment, an organism receives the positive feedback to remain in the
habitat and therefore not engage in high-risk dispersal. In con-
trast, however, as population density increases and resource
availability wanes, the organism responds to this negative feed-
back, thus altering its movement goal from remaining stationary
and competing for local resources to dispersing from its native eco-
system in search of more favorable habitats.
The phenomenon of undirected dispersal involves being “pushed”
from a habitat by the individual’s assessment that current circum-
stances are unsuitable for survival or will reduce fecundity, thus
reducing the ﬁtness of future progeny [31]. This information of the
current quality of the habitat and the current density of competi-
tors may compel individuals to engage in long-range dispersal,
particularly if these negative conditions are likely to be large-
scale and thus cannot be overcome by local dispersal or territory
expansion [32].
The prototypical example of such a large-scale undirected dis-
persal is the periodic migration of plague locusts in response to
population ﬂushes [33]. During most years, these insects remain re-
stricted to their natal semi-arid habitats that provide the necessary
resources to complete their lifecycle from the egg through nymph
stages to reproductive adult with limited ﬂight capacity. Typically,
population densities remain modest and therefore do not stress the
native resource availability. Approximately once a decade, however,
high levels of rainfall in the drought-prone habitat results in unusual
ﬂushes of vegetation that extends for hundreds of miles beyond the
grasshopper’s natal ecosystem. Coincident with this rapid in-
crease in resources is an increase in grasshopper population density.
Because these unusual resource-rich conditions will only last for
one to two years, the inevitable resource crash upon the return of
typical weather conditions results in the decimation of most of the
offspring from the reproductive boom.
Avoidance of the inevitable overcrowding and subsequent com-
petition for resources thus alters the insect’s inherent motivation
to move from or to remain stationary in its native ecosystem.
Nymphs born into the high-density population use abundant re-
sources to develop into a larger adult formwith large wings enabling
fast, strong, and long-distance migration (Fig. 2A and B) [34]. The
net effect of this alteration in individual inherent motivation is that
the original natal colony will remain populated at a low-density,
while the migratory locust plague will potentially result in the col-
onization of new natal sites.
In a similar mechanism, cancer cells also go through a shift in
inherent motivation from a proliferative stay-at-home morph to an
actively migratory morph (Fig. 2C and D). As elegantly described in
Hanahan and Weinburg’s landmark “Hallmarks of Cancer” paper,
one of the critical characteristics of a malignant cell is its “limit-
less replicative potential” [2]. These cells are inherently programmed
to proliferate, insensitive to anti-growth or pro-apoptotic signals.
Similar to the grasshopper, the goal of the tumor cell is simple: to
use the available resources to produce progeny. Eventually, however,
the tumor cells experience overcrowding and, subsequently, re-
source limitation. Under such constrained circumstances, the risk
of death in its native ecosystem of the primary tumor outweighs
the risks associated with dispersal out of the tumor. This phase-
shift in population density, resource allocation, and, therefore, risk
assessment alters the cancer cell’s intrinsic motivation and epithe-
lial phenotype from one of stationary growth (“grow”) to one of a
mesenchymal phenotype capable of adaptive movement (“go”). Ul-
timately, the tumor cells that are successful in the undirected
dispersal event will invade a secondary site as a disseminated tumor
cell. Once established in this favorable high-resource, low-population
secondary ecosystem, the intrinsic motivation for movement of the
cancer cell again shifts back to a goal of low-migration and local
resource use.
These shifts in an individual’s intrinsic motivation in response
to ecosystem inﬂuences are dependent on the capacity of the in-
dividual to biomechanically fulﬁll the movement goal (Fig. 1).
Biomechanical movement abilities necessary for dispersal
In order tomove, an individual must acquire the phenotypic traits
necessary for locomotion. This movement ability encompasses all
of the discrete traits that enable a ﬁsh to swim, a lion to run, or a
slime mold to glide. The necessary movement machinery is highly
variable, even within a single organism, and is inﬂuenced by the
physical characteristics, the inherent motivation, and the move-
ment goals of the individual. All of these can be directly and indirectly
inﬂuenced by the other components of the ecosystem.
When a cell shifts from the goal of “growing” to the goal of
“going,” it may undergo an epithelial-to-mesenchymal transition
(EMT) in order to gain increased motility and invasive capabilities
associated with a mesenchymal cell phenotype (Fig. 2C and D). Im-
portantly, the ability to move or to remain stationary is entirely an
epigenetic phenomenon – the running lion maintains the same
genetic background as when it is stationary. This epigenetic plas-
ticity holds true even in species that undergo a transmogriﬁcation
with phenotypically distinct migratory- and stay-at-home-morphs,
such as the locust morphs discussed above (Fig. 2A and B) [34].
The genetic clonal architecture of cancer cells suggests that most
if not all cancer cells have the capacity to gain a metastatic phe-
notype [15,35,36], highlighting the necessity of phenotypic
adaptation. This epigenetic adaptation arises not from genetic vari-
ation, but from variation in gene expression thereby altering cellular
function. There is a rich literature describing the inﬂuences of the
external pressures of the “cancer swamp” – hypoxia, acidity, and
nutrient poverty – on cancer cells. Lower-than-physiologic oxygen
levels induce HIF1α expression that subsequently induces the ex-
pression of genetic drivers of EMT and angiogenesis [37–39].
Culturing cancer cell lines in acidic conditions increases
A
B
C
D
Fig. 2. The epigenetic transmogriﬁcation between morphs. The (A) stay-at-
home morph grasshopper and (B) dispersing locust morph share the same genetic
background. (Adapted from a photograph courtesy of Compton Tucker, NASA.) The
prostate cancer cell line PC3 was induced to undergo an epithelial-to-mesenchymal
transition, resulting in two distinct stable cell lines, phenotypically epithelial PC3-
epi (C) and mesenchymal PC3-emt (D) that share an identical genetic background.
(Phase contrast images of cells plated on polyacrylamide gel. Scale bar = 50 μm. Image
courtesy of Steven An, Johns Hopkins University.)
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mesenchymal cellular phenotype [40,41]. Hypoxia, glucose starva-
tion, and decreased pH all independently increase experimental
metastasis in mouse models [42,43].
The complex transmogriﬁcation of the cancer cell between ep-
ithelial and mesenchymal phenotypes is not well understood. In
ecology, such a phenotypic transformation between morphs may
occur through a non-reversible developmental epigenetic trigger in
the organism’s offspring (generational transmogriﬁcation) or through
wholly individual phenotypic plasticity (individual transmogriﬁ-
cation). It is unclear by which mechanism a cancer cell undergoes
a transmogriﬁcation to gain movement ability (Fig. 3).
In the case of the plague locust, the alteration from a stay-at-
home grasshopper to a dispersal locust occurs only as a non-
reversible developmental event. In essence, each individual is born
into its phenotypic morph, so reverting back to a prior morph can
only occur via offspring in a later generation. Nymphs that are born
into a pressured habitat with high population density and the in-
evitability of future resource exhaustion mature into a locust-
morph that has the biomechanical locomotion abilities for long-
range dispersal. Once the locust dispersal-morph colonizes a
secondary site, however, its progeny, when born into a low-
density and resource-rich habitat, can either remain the same or
develop into the stay-at-home grasshopper adult. Thus, the life
history across multiple generations could, in theory, manifest as a
stationary grasshopper giving birth to a dispersing locust that later
gives birth to a stationary grasshopper. Notably, the alterations to
biomechanical movement ability associated with each genera-
tional transition is not related to genetic variation, but is effected
purely by epigenetic means, driven by the external factors of over-
crowding and resource poverty and the intrinsic motivation for
undirected dispersal (Fig. 2A and B) [34].
There are other species in which an individual may use exter-
nal cues to transmogrify from one phenotypic form to another. For
instance, the single-cell ciliate Tetrahymena vorax exists in two phe-
notypically distinct forms – the so-called Jekyll and Hyde morphs
[44]. The smaller microstome form (“Jekyll”) feeds on bacteria, while
the larger macrostome form (“Hyde”) eats other ciliates of self-
similar size. The microstome is an obligate bacteria-eater while the
macrostome can only depredate protists. As with the plague locust
transition, preference of one morph or the other is dependent on
availability of resources [44,45]. A high density of ciliate prey provides
preferential external pressure for the macrostomemorph, and when
ciliates are at low numbers the microstome morph predominates.
In contrast to the generational morphological shift in grasshopper/
locust insects, an individual microstome can physically alter
its morphology and feeding structures to transmogrify into a
macrostome, capable of ingesting large ciliates. Interestingly,
however, the microstomemorph can only be recovered through cell
division.
In both the ecology of the animal kingdom and in the cancer eco-
system, an organism’s ability to move is inﬂuenced by factors in its
habitat, most notably population density and resource availabili-
ty. There is high observable variation in individual movement ability,
with some individuals migrating more eﬃciently or over larger
distances than other morphs of the same genotype. In the cancer
ecosystem, the epithelial-to-mesenchymal transition endows the
cancer cell with the locomotion ability to disperse from the primary
site. It is currently unclear if this transmogriﬁcation event occurs
in an individual cell that undergoes a phenotype switch or whether
it occurs with cell division by producing daughter cells of the op-
posite morph (Fig. 3). Answering this question will open insights
into how a cancer cell actively metastasizes and has important im-
plications for prognosis as well as the development of therapeutic
interventions.
Impossibility of directional dispersal through
systemic gradients
A number of tumor types, most notably prostate cancer and breast
cancer, preferentially home to bone to establish bone metastasis.
This preferential homing implies that dispersal of cancer cells from
the primary tumor cannot be entirely undirected. One of the most
commonly cited explanations for this primary tumor-to-bone homing
is the SDF1 chemokine gradient. Osteoblasts secrete SDF1, creat-
ing a chemo-attractant gradient for CXCR4-expressing cells, including
prostate cancer cells [46–48]. Under physiologic conditions, this SDF1
gradient is used by CXCR4-expressing hematopoietic stem cells
(HSCs) to home to the bone. CXCR4 antagonismmobilizes HSCs from
the endosteal niche into the blood stream. CXCR4 antagonism has
likewise been used to evict prostate cancer cells (and other bone-
homing cancer cells) from the HSC niche into the blood stream in
preclinical models [46].
The CXCR4-binding of the SDF1 gradient is often cited as the stim-
ulus for prostate cancer cells to migrate to the bone. This assumption
of any systemic gradient, however, is incorrect. Oxygenated blood
ﬂows from the heart through arteries to distant organs. The blood
then transfuses through a capillary system to deliver oxygen, and
the deoxygenated blood ﬁnally enters the venous blood vessels for
transit back to the heart (Fig. 4). This one-way blood ﬂow negates
individual transmogrification
generational transmogrification
plasticity
cell 
division
Fig. 3. Transmogriﬁcation of an epithelial cell to a mesenchymal cell. Trans-
mogriﬁcation resulting in phenotypically distinct morphs in ecology occurs both as
result of a highly plastic individual transformation and as result of a developmen-
tal epigenetic trigger in an organism’s offspring. It is unclear whether the epithelial-
to-mesenchymal transition occurs in a single cell with a highly plastic phenotype
(individual transmogriﬁcation) or if a cell division is required for the mesenchy-
mal morph to arise (generational transmogriﬁcation).
Fig. 4. The circulatory path between the primary tumor and the bone meta-
static site. Oxygenated blood exits the heart through the arterial system (red arrows)
to deliver oxygenated blood to the organs. Deoxygenated blood returns to the heart
through the venous system (blue arrows) where it circulates through the lungs to
become oxygenated and repeat the circuit.
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the possibility of a physical gradient of chemical signals through
the circulation. The venous–arterial–venous circulation cannot carry
gradient cues for a cancer cell to leave its primary tumor and head
directly across the body to a distant suitable microenvironment.
It is clear, however, that local SDF1 gradients play a critical role
for CXCR4-expressing HSCs or tumor cells that are already in cir-
culation to exit the blood vessel and establish within bone marrow
niches. Indeed, such local chemogradients have been shown to
provide essential cues for circulating cells to stop at a speciﬁc site
to complete their physiologic function, such as circulating immune
cells in response to inﬂammation or circulating endothelial
progenitor cells in response to pro-angiogenic cues [49,50]. Notably,
however, these do not represent direct homing of the cells from their
native organ to a site of injury. Rather, a chemical signal or local
chemokine gradient provides a signal for a cell that has already
vacated its host organ to stop and occupy a secondary site. The high
eﬃciency with which prostate cancer cells seed the bone, however,
implies that there still may be some signal for direct homing from
the primary tumor to the bone microenvironment.
Unintentional chaperones orchestrate directional dispersal
The unidirectional ﬂow of the circulatory system does not pre-
clude the possibility of chemical signaling or direct cell-to-cell
communication between the cells of the bone marrow niche and
the cells of the primary tumor. As part of their physiologic func-
tion, numerous types of bone marrow cells emigrate from the bone
and enter the circulation to surveil for injury and inﬂammation.
Because these cells enter the circulation as part of their native func-
tion, they are inherently equipped to survive the severe forces they
encounter in transit. As discussed previously, the mammalian
arterial–venous circulatory system has unidirectional ﬂow, but these
bonemarrow derived cells have the potential to encounter a primary
tumor simply as a matter of chance. We hypothesize that these cells
may unwittingly carry information or physically chaperone cancer
cells to the bone marrow niche as they continue their path through
the circulation and back to the bone marrow.
This phenomenon of unintentional chaperoning to mediate di-
rected dispersal is common in ecology. For example, ﬂower mites
use pollinating animals such as hummingbirds, bats, and insects as
carriers [51–53]. The inherent movement goal of the ﬂower mite
is for long-range dispersal to colonize distant plants or patches of
ﬂowers. As pollinators explore ﬂowers to collect nectar, the mites
have the opportunity to attach themselves to the animal to travel
to a distant ﬂower and then detach. Thus, the pollinator is an un-
witting chaperone for the opportunistic ﬂower mite. There are a
number of critical features of this unwitting chaperone interac-
tion: (1) the dispersal agent arrives at the mite’s habitat for reasons
other than dispersing themites, (2) the pollinator and themite share
an inherent motivation to ﬁnd high quality habitats for nectar or
for residence, and (3) the mite senses the pollinator and has the
ability to physically attach as a means for directed dispersal.
It is likely that a similar phenomenon of directed dispersal by
one or more unwitting chaperones plays a part in the non-random
prostate cancer homing to bone. There is evidence for tumor cells
to circulate in complex with host white blood cells (Fig. 5). Many
bonemarrow cells, includingmyeloid derived suppressor cells, mes-
enchymal stem cells, and endothelial progenitor cells, circulate
through the body to respond to localized inﬂammation and areas
of wound healing. For example, myeloid derived suppressor cells
accumulate in areas with high levels of interleukin-6 (IL-6) asso-
ciated with inﬂammation in healthy individuals and with a tumor
site in cancer patients [49]. In addition to their direct impacts on
localized tumor growth, it is also possible that these bone marrow
cells unintentionally chaperone cancer cells from the primary tumor
back to the bone marrow. As with the ﬂower mite–pollinator carrier
example, there are three key features of this unwitting chaperone
interaction: (1) the dispersal agent, the bone marrow cell, arrives
at the primary tumor site for reasons other than dispersing cancer
cells, (2) the bone marrow cell and the cancer cell share an inher-
entmotivation to ﬁnd similar high quality habitats, and (3) the cancer
cell senses the bone marrow cell and the cells have the ability to
physically attach as ameans for directed dispersal. Engagement with
the unintentional bone marrow chaperones, therefore, provides the
emigrating cancer cells with the capacity for directed dispersal to
the bone (Fig. 1, Table 1). The identiﬁcation of the host cells asso-
ciatedwith cancer cells in circulating clusters should be an important
goal for the ﬁeld.
A novel paradigm for the movement ecology of bone
metastatic cancer
Just because a cancer cell residing in a primary tumor acquires
the physical machinery to move does not mean that it has to em-
igrate. Indeed, the science of ecology clearly demonstrates that
species do not leave their native habitat if the ecosystem is healthy
and is providing nutrients in a non-hostile environment. It is also
clear that even in the hostile environment of a crowded, prolifer-
ating tumor that is outstripping its oxygen and nutrient supply not
all of the cancer cells undergo a phenotypic transmogriﬁcation and
leave the tumor en mass. Determining the combination of environ-
mental and cellular cues that endow a cell to become an active and
successful emigrant remains a high priority for the cancer ﬁeld. Sim-
ilarly, it is now evident that many different cancer cell phenotypes
can be found in the circulation. It has been speculated by many that
cancer cells with a mesenchymal morph are the “active emi-
grants” and that cells with an epithelial morph are passive migrants
that are destined to die during transit. The importance of circulat-
ing clusters remains unclear but their role as unwitting chaperones
must be delineated.
Movement ecology provides a framework for a deeper under-
standing of metastasis. It describes, without requiring conscious
thought or decision-making, an individual’s movement from one
habitat to another. Applied to cancer, this framework encom-
passes (1) the external pressures of the habitat on the cell, (2) the
biomechanics that a cell requires to move, (3) the cell’s intrinsic mo-
tivations to move or stay, and (4) the abilities of the cell to sense
navigational direction (Fig. 1) [17]. The dynamic interactions of these
four components, taken together, deﬁne the factors necessary for
the development of an active metastatic clone and the successful
development of a clinical metastasis. Identifying the successful clones
DAPI
CK
CD45
AR
Fig. 5. Tumor cells clustered with white blood cells in a patient with prostate
cancer. Prostate cancer cells (Cytokeratin+/androgen receptor+) are clustered with
white blood cells (CD45+) in a bone marrow aspirate from a patient with meta-
static castrate resistant prostate cancer. (Immunoﬂuorescencemicroscopy image 40×;
blue = 4′,6-diamidino-2-phenylindole [DAPI] nuclear stain; red = cytokeratin [CK];
green = CD45; white = androgen receptor [AR]. Image courtesy of Peter Kuhn and
Anders Carlsson, University of Southern California.)
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could provide prognostic information for the patient. Identifying the
factors and processes involved (e.g., the transmogriﬁcation pres-
sures of the primary ecosystem or the importance of circulating
clusters) could lead to the development of new therapeutic inter-
ventions targeting previously unidentiﬁed steps in the metastatic
process.
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